Human leukemias harboring chromosomal translocations involving the mixed lineage leukemia (MLL, HRX, ALL-1) gene possess high-level expression, and frequent activating mutations of the receptor tyrosine kinase FLT3. We used a murine bone marrow transplant model to assess cooperation between MLL translocation and FLT3 activation. We demonstrate that MLL-AF9 expression induces acute myelogenous leukemia (AML) in approximately 70 days, whereas the combination of MLL-AF9 and FLT3-ITD does so in less than 30 days. Secondary transplantation of splenic cells from diseased mice established that leukemia stem cells are present at a very high frequency of approximately 1:100 in both diseases. Importantly, prospectively isolated granulocyte macrophage progenitors (GMPs) coinfected with MLL-AF9 and FLT3-ITD give rise to a similar AML, with shorter latency than from GMP transduced with MLL-AF9 alone. Cooperation between MLL-AF9 and FLT3-ITD was further verified by real-time assessment of leukemogenesis using noninvasive bioluminescence imaging. We used this model to demonstrate that MLL-AF9/FLT3-ITD-induced leukemias are sensitive to FLT3 inhibition in a 2-3 week in vivo assay. These data show that activated FLT3 cooperates with MLL-AF9 to accelerate onset of an AML from whole bone marrow as well as a committed hematopoietic progenitor, and provide a new genetically defined model system that should prove useful for rapid assessment of potential therapeutics in vivo.
Introduction
Recurrent chromosomal translocations are a hallmark of human acute leukemias. Their cloning and characterization has produced a greater understanding of leukemogenesis and in some cases new therapeutic approaches.
1,2 Such translocations frequently produce chimeric fusion oncogenes and tend to involve genes that normally perform critical roles during hematopoietic development. [3] [4] [5] This is particularly true for translocations targeting genes encoding DNA-binding proteins. Examples of such translocations are t(9;11), t(8;21) and t (15;17) encoding MLL-AF9, AML1-ETO and PML-RARa fusion proteins respectively. In all cases, the fusion protein presumably leads to aberrant gene expression programs resulting in disordered hematopoietic development, which represents a critical step in the leukemogenic pathway. Epidemiologic studies suggest that acquisition of the fusion oncoproteins is an initial step in leukemogenesis, and that subsequent mutations are needed for leukemia development. 6 These studies combined with sophisticated murine models suggest a multistep pathogenesis of leukemia.
Translocations involving the mixed lineage leukemia (MLL, HRX, ALL-1) gene on chromosome 11q23 are found in approximately 10% of acute myelogenous leukemias (AML), acute lymphoblastic leukemias (ALL) and most cases of therapyrelated AML (t-AML). 7 The presence of an MLL translocation predicts a poor prognosis, particularly when identified in ALL blasts. 8 More than 30 different MLL translocations have been cloned from acute leukemias, but all generate fusion genes that encode chimeric proteins possessing an N-terminal portion of MLL and the C-terminal portion of the fusion partner. 1, 7 The most common of the 11q23 translocations found in AML is the t(9;11)(p22;q23), whereas the most common translocation found in ALL is the t(4;11)(q21;q23). 9, 10 Accumulating data supports the notion that leukemias possess a hierarchy of cells, only a subset of which are capable of selfrenewal. 11, 12 These leukemia stem cells (LSCs) are presumably necessary for continued propagation of leukemia and therefore represent critical target cells for any successful therapy. Thus, genetic alterations that might affect LSC characteristics are of significant interest. Recent experiments have demonstrated MLL fusion proteins including MLL-AF9 are capable of imparting LSC-like properties on developing hematopoietic progenitors. [13] [14] [15] However, MLL-translocations may not be sufficient to induce leukemia without cooperation from subsequent genetic events. This is supported by the latency of t-AML, where the MLL translocation is induced by chemotherapy treatment, but the disease does not develop until approximately 3-5 years after treatment. Also, an MLL fusion knock-in mouse model that expresses an MLL-AF9 fusion protein encoded by the t(9;11) develops AML but only after a 4-9 month latency. 16, 17 This is interpreted as a need for cooperating mutations in order for acute leukemia development to occur. Similarly, a conditional MLL-CBP knock-in mouse that recapitulates t-AML induced by the t(11;16) requires chemical or irradiation-induced mutagenesis for generation of a fatal myeloproliferative disease or leukemia. 18 Furthermore, bone marrow transplant models progress to oligoclonal leukemias pointing to the need for cooperating mutations in MLL-induced leukemogenesis. 19 Recent hypotheses as to the multistep nature of leukemogenesis suggest mutant signaling molecules are good candidates for cooperation with DNA-binding fusion oncogenes during leukemogenesis. 20 One mouse model indicates that this is indeed possible, as an activated receptor tyrosine kinase FLT3 induces an acute leukemia from an MLL-SEPT6-induced myeloproliferative disease. 21 Activating FLT3 mutations are present in approximately 30% of cases of human AML including some AMLs harboring MLL-AF9 translocations. 20, 22, 23 Recent studies suggest FLT3 mutations are present in human LSCs providing support for the importance of FLT3 signaling in AML. 24 Furthermore, high-level expression of FLT3 is also associated with the presence of MLL translocations in both AML and ALL. 23, [25] [26] [27] We have previously identified frequent mutation of FLT3 in MLL-rearranged lymphoblastic leukemias, and demonstrated efficacy of a FLT3 inhibitor against MLL-rearranged lymphoblastic leukemias in a xenograft model system. 28 Our previous findings that MLL-AF9 can transform a committed myeloid progenitor, 14 along with the above mouse and human data, prompt assessment of cooperation between MLL-AF9 and FLT3 in a murine model system. We reasoned that development of such a model system would both determine if the oncogenes cooperate during leukemogenesis, and provide a model system for testing combination therapies against MLL fusion and FLT3-dependent disease. Using a bone marrow transplant assay, we show that MLL-AF9 and FLT3-ITD cooperate to produce a transplantable leukemia (AML) that is phenotypically similar to AML induced by MLL-AF9 alone, but with decreased latency. Even though the latency decreases from 70 to o30 days, the frequency of LSCs is approximately 1:100 in both MLL-AF9-and MLL-AF9/FLT3-ITD-dependent diseases. Importantly, the AML induced in the bone marrow transplant assays is similar to the disease that arises when mice are injected with granulocyte macrophage progenitors (GMPs) that have been transduced with either MLL-AF9 alone, or in tandem with FLT3-ITD. Finally, we have developed a luciferase transgenic mouse model from which we generated a luminescent MLL-AF9/FLT3-ITD-induced AML. Using this model we show that PKC412 is active against this disease in vivo in 2-3 weeks, indicating the in vivo dependence of this disease on FLT3-ITD. These data are consistent with previous findings that GMPs can be a cell of origin for MLL fusion expressing AML, 13, 14 and demonstrate that MLL-AF9 and FLT3-ITD can cooperate in the context of a committed progenitor cell. Furthermore we describe a model for rapid testing of new FLT3 inhibitors and combination therapies.
Materials and methods

Plasmids and virus production
The pMSCVneo plasmid was purchased from Clontech (Mountain View, CA, USA), and the pMSCV-IRES-GFP (pMIG) plasmid was obtained from the laboratory of Dr Stanley J Korsmeyer. The pMSCVneo MLL-AF9 fusion construct was obtained from Dr Jay Hess, and the pMIG-FLT3-ITD (N51) 29 construct was generously provided by Dr Gary Gilliland. The pMSCV-IRES-EYFP-MLL-AF9 (pMIY-MLL-AF9) construct was generated by cloning MLL-AF9 into the EcoRI site of the pMIY vector, which was a generous gift from Dr Kate Vignali. For virus production, 10 mg of the above plasmid and 10 mg c-eco packaging vector were transfected into the 293 packaging cell line using Fugene (Roche, Indianapolis, IN, USA), and the resulting viral supernatants were harvested as previously described. 30 The 293 cells were maintained in Dulbecco's modified Eagle's medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal calf serum (FCS) (Invitrogen) and 100 units per ml penicillin/ streptomycin (Invitrogen). Viral titer was determined by infection of BAF3 cells. All viruses used had a viral titer of approximately 5 Â 10 5 infectious units per ml.
Mice and transplantation assays
Five days prior to bone marrow harvest, female C57BL/6 mice (Charles River Labs, Wilmington, MA, USA) were injected with 150 mg kg À1 5-fluorouracil (Sigma, St Louis, MO, USA). Whole bone marrow cells (4 Â 10 6 ) were plated in 3 ml 'transplant media' containing RPMI (Invitrogen), 10% FCS 6 ng ml À1 IL3 (Peprotech, Rocky Hill, NJ, USA), 10 ng ml À1 IL6 (Peprotech) and 100 ng ml À1 SCF (Peprotech) overnight. Plated cells were then infected with retrovirus plus 5 mg ml À1 polybrene, 7.5 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 6 ng ml À1 IL3, 10 ng ml À1 IL6, 100 ng ml À1 SCF and spun at 1800 r.p.m. for 90 min at 37 1C. Cells were reinfected after 24 h. After the second infection, cells were injected at a concentration of 10 6 cells in 300 ml phosphate-buffered saline (PBS) per recipient mouse. Recipient female C57BL/6 mice were irradiated (full body) with 6.0 Gy twice at a 3-h interval on the day of injection. Mice were killed when moribund. Blood, spleens and bone marrow were harvested and processed into single cell suspensions. Samples of lung, liver, kidney, bone and spleen were fixed in 10% neutral-buffered formalin for paraffin sectioning. For secondary transplantation, recipient female C57BL/6 mice were irradiated (full body) with 8.0 Gy once and the indicated number of leukemia cells was injected. For mice transplanted with sorted GMPs, the GMPs went through only a single round of infection, and then were sorted for GFP/ YFP-positive cells on a Becton Dickenson FACSAria (BD, San Diego, CA, USA). The recipient mice received only one dose of radiation (6.0 Gy).
Luciferase mice and drug treatment assay
A plasmid with the human ubiquitin C promoter driving expression of firefly luciferase was created by subcloning the luciferase coding region from pGL3-basic (Promega, Madison, WI, USA) into pUB6/V5-His (Invitrogen). Prokaryotic sequences were removed by restriction digest and agarose gel purification. Transgenic mice were created by pronuclear injection of purified DNA into C57BL/6 eggs (Beth Israel Deaconess Medical Center Transgenic Core Facility, Boston, MA, USA). The presence of the luciferase gene was identified by PCR, and coisogenic mice were created by crossing of founders to C57BL/ 6 mice. A single transgenic line with high ubiquitous luminescence (UbC6-Luc) was subsequently maintained on a C57BL/6 background with homozygosity of the transgene.
In order to assess luciferase activity in hematopoietic stem cells (HSCs) derived from UbC6-Luc mice, recipient C57BL/6-TyrC mice (Jackson Labs, Bar Harbor, ME, USA) were irradiated with a split dose (500 and 450 cGy). A total of 1500 unfractionated bone marrow cells from a UbC6-Luc transgenic mouse, together with 1.2 Â 10 5 nonluminescent C57BL/6 marrow cells (to ensure short-term survival), were transplanted into irradiated mice and recipient mice were imaged every 2-4 weeks.
For the in vivo bioluminescent leukemia assays, whole bone marrow was extracted from UbC6-Luc mice as mentioned above. Infection of the whole bone marrow and subsequent injection into Tyrosinase À/À C57BL/6 recipients was also carried out as above in wild-type C57BL/6 mice. Treatment of NOD-SCID mice (Jackson Labs) with PKC412 (Novartis, Basel, Switzerland) and luminescent imaging of the mice was performed as described previously. 28 
Immunophenotype Analysis
Peripheral blood was obtained immediately post-mortem. Blood smears were stained using the eosin and methylene blue Quickdip kit (Jorgensen Labs, Loveland, CO, USA). For leukemia immunophenotyping, cells isolated from spleen and bone marrow (as described above) were incubated with phycoerythrin-conjugated (PE) antibodies to CD3, Mac1 or c-kit (Caltag, Burlingame, CA, USA), and with allophycocyaninconjugated (APC) antibodies to B220, Gr1 or Mac1 (Caltag), washed and analyzed.
DNA extraction and Southern blotting
Genomic DNA was extracted from spleens using the Gentra Systems kit (Gentra Systems, Minneapolis, MN, USA). For Southern analyses, 10 mg genomic DNA was digested with EcoRI (New England Biolabs, Ipswich, MA, USA) overnight at 37 1C and run on a 1% agarose gel. DNA was transferred overnight to a Genescreen Plus nylon membrane (Perkin Elmer, Boston, MA, USA). Membranes were probed with 10 6 CPM per ml of [a 32 P]dCTP (Perkin Elmer)-labeled enhanced green fluorescent protein (EGFP). The EGFP probe was derived from the 1 kb NcoIHindIII fragment of the pMIG vector. Probes were radiolabeled using a random prime labeling kit (Prime-It IIFStratagene, La Jolla, CA, USA).
RNA Extraction and RT-PCR
Total RNA was isolated from spleens using Trizol (Invitrogen), and cDNA was generated using the Retroscript kit (Ambion, Austin, TX, USA). To amplify the MLL-AF9 breakpoint region the following primer pair was used: forward -5
To amplify the FLT3-ITD juxtamembrane domain, the following primer pair was used: forward -5
Myeloid progenitor sorting
Granulocyte macrophage progenitors were sorted as described previously. 31 Briefly, bone marrow was isolated as described above and labeled for 30 min on ice with each of the following lineage-specific antibodies: anti-mouse CD3 (Cat# RM3400, Caltag), anti-mouse CD4 (Caltag), anti-mouse CD8a (Caltag), anti-mouse CD19 (Caltag), anti-mouse B220 (CD45R) (Caltag), anti-mouse Gr1 (Caltag), anti-mouse TER119 (Caltag) and antimouse CD127 (interleukin (IL)-7R) (Bioscience, San Diego, CA, USA), as well as anti-mouse Sca1 (Caltag). The cells are washed with PBS, then incubated with PE-Cy5-labeled anti-rat secondary antibody (Caltag) for 30 min on ice. Following a PBS wash, cells are resuspended in 200 ml PBS/25% rat IgG (Sigma) and incubate for 10 min on ice. The cells are then stained with FITC conjugated anti-CD34 (Becton Dickenson), PE conjugated FcgR II/III (Becton Dickenson), and APC-conjugated anti-c-Kit (Becton Dickenson) for 30 min on ice, then cells are washed and resuspended in 300ml PBS. Dead cells were labeled with 7-AAD (Invitrogen) for 15 min before the sorting. For analysis of leukemic progenitors, we replace the FITC-anti-CD34 antibody with a biotinylated anti-CD34 (Becton Dickenson), which is developed using a streptavidin-APC-Cy7 anti-rat antibody (Caltag). Progenitors, as well as cells expressing EGFP/EYFP, were sorted using a FACSAria multicolor cell sorter equipped with filters that separate EGFP and EYFP (BD).
Cell line derivation, maintenance and cell growth assays
Primary cell lines derived from whole bone marrow or spleen were maintained in 'C10' media containing RPMI, 10% FCS, 100 units per ml penicillin/streptomycin, 2 mM L-glutamine (Invitrogen), 55 mM b-mercaptoethanol (Invitrogen), 0.1 mM nonessential amino acids (Invitrogen), 1 mM sodium pyruvate (Invitrogen) and 10 mM HEPES (Invitrogen). Cell lines were initially grown in C10 media supplemented with 10 ng ml À1 IL3, 10 ng ml À1 IL6, 100 ng ml À1 SCF. For MLL-AF9 þ FLT3-ITD cell lines, all cytokines were withdrawn after a week in culture. For MLL-AF9 cell lines, only SCF and IL6 were withdrawn. For the cell growth assays, cell lines were plated in triplicate at a density of 10 6 cells per 1 ml C10 media with or without 10 ng ml À1 IL3. Cells were subsequently counted manually every 2-3 days.
In vitro drug sensitivity assays
To assay for sensitivity to PKC412, the colorimetric Cell Proliferation Kit I -3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Roche) was utilized. Cells were plated at a density of 10 5 cells per 100 ml C10 media into 96-well microtiter plates (Corning, Corning, NY, USA) and then incubated for 48 h in the presence of specified concentration of PKC412 and/or 5 ng ml À1 IL3. The MTT assay was then performed as per manufacturer protocol.
Immunoprecipitations and western blots
For immunoprecipitations, 2.5 Â 10 6 cells were plated in the presence of 0, 1, 10 or 100 nM PKC412, with the 0 sample receiving an equivalent volume of dimethyl sulfoxide as a carrier control. Cells were harvested 4 h after PKC412 treatment and lysed in lysis buffer containing 20 mM Tris-HCl pH 7.4, 150 mM NaCl, 100 mM NaF, 10% glycerol, 1% IGEPAL CA-630, 10 mM EDTA, 1 mM phenylmethylsulphonylfluoride, 100 units per ml leupeptin and 1 mM Sodium Orthovanadate (all reagents from Sigma). Precleared lysates were then incubated with Protein A-sepharose beads in the presence of 1 mg a-hFLT3 antibody (R&D Systems, Minneapolis, MN, USA) for 4 h at 4 1C. Beads were then washed three times in lysis buffer. Proteins were eluted from the beads using sodium dodecyl sulfate sample buffer, and run on NuPAGE 10% Bis-Tris acrylamide gels (Invitrogen) and transferred to nitrocellulose membranes (Invitrogen) for western analyses. Western blots were performed using the 4G10 mouse a-phosphotyrosine, goat a-hFLT3 (R&D Systems) or mouse a-pan-actin (Chemicon, Temecula, CA, USA).
Results
FLT3-ITD decreases the latency of MLL-AF9-induced leukemia
To assess for cooperation between a constitutively active FLT3 (FLT3-ITD) and MLL-AF9, we first utilized a bone marrow transplant assay. 29 Bone marrow cells were harvested and transduced with various combinations of MSCV-MLL-AF9-pgkNeo (MLL-AF9), MSCV-FLT3ITD-IRES-EGFP (FLT3-ITD), MSCV-pgkNeo (MSCV-Neo) and MSCV-IRES-EGFP (MIG) retroviruses. Transduced bone marrow was then injected into lethally irradiated syngeneic recipient mice and monitored for disease development. Mice that received bone marrow cells transduced with MLL-AF9 and MIG retroviruses developed a lethal disease with a median latency of 68 days ( Figure 1a and Table 1 ). The mice exhibited splenomegaly, elevated white blood cell counts, anemia and thrombocytopenia ( Table 1 ). Mice that received cells transduced with both the MLL-AF9 and FLT3-ITD consistently developed a similar disease with a more rapid onset and a median latency of 28 days (Figure 1a and Table 1 ).
Peripheral blood and organs from mice that received bone marrow transduced with both MLL-AF9 and FLT3-ITD revealed a disease phenotypically similar to the disease initiated by MLL-AF9 alone (data not shown), which was consistent with an acute leukemia. Mice that received bone marrow cells transduced with FLT3-ITD plus MSCV-Neo or MSCV-Neo plus MIG did not develop obvious disease up to 150 days (Figure 1a) . Total RNA was isolated from the enlarged spleens of moribund mice and reverse transcription (RT)-PCR was performed to assess the expression of the transduced genes in our system. The primer pairs used for the cDNA amplification were specific to the breakpoint region of the MLL-AF9 cDNA, and the juxtamembrane region of the human FLT3 cDNA encompassing the region containing the internal tandem duplication. As shown in Figure 1b , mRNA for MLL-AF9 and FLT3-ITD was expressed in appropriate spleen samples. Thus, expression of FLT3-ITD enhances the development of lethal MLL-AF9 leukemia.
MLL-AF9 and MLL-AF9/FLT3-ITD mice develop similar myeloid leukemias with expanded GMP-like compartments
Immunophenotypic analysis of bone marrow and spleen cells (Figure 2a ) from the diseased mice demonstrated an abundant population of cells positive for the myeloid lineage markers Mac-1 (CD11b) and Gr-1 (Ly-6G) from both MLL-AF9 mice and from MLL-AF9/FLT3-ITD mice. Additionally, a population of cells with variable positivity for the hematopoietic progenitor marker c-kit (CD117) was found in each case (Figure 2a) . Cells from MLL-AF9 and MLL-AF9/FLT3-ITD mice were negative for the B cell marker B220 and the T cell marker CD3 (Figure 2a) , as well as for the stem cell marker Sca1 (not shown). Furthermore, the majority of spleen cells from MLL-AF9/FLT3-ITD mice were EGFP positive, indicating they arose from transduced cells. The coexpression of Mac-1, Gr-1 and c-Kit, combined with the lack of expression of lymphoid markers is consistent with AML and similar to the phenotype described in previous murine models of MLL-AF9 fusion-induced AML. 17 Thus, histologic and immunophenotypic analysis show that MLL-AF9 and MLL-AF9 combined with FLT3-ITD induce a similar leukemia in this system.
Recent experiments have shown that leukemias derived from MLL fusion proteins 14, 18 demonstrate expansion of a GMP-like population at the expense of other myeloid progenitors. In order to verify that this phenomenon occurs when a second oncogene is introduced along with MLL-AF9, we performed flow cytometry on bone marrow from normal and leukemic mice. Cells negative for lineage markers and for Sca1 (Lin À Sca À ) cells (Figure 2b , left panels) were analyzed for c-kit and GFP expression. The c-kit þ GFP À population from normal bone marrow, and the c-kit þ GFP þ populations from leukemic marrow (Figure 2b , center panels) were further analyzed for FcgR and CD34 expression (Figure 2b, right panels) . The FcgR þ
CD34
þ population shown in normal bone marrow represents GMPs, the FcgR lo CD34 þ population demonstrates common myeloid progenitors (CMPs) and the FcgR lo CD34 lo population megakaryocyte erythroid progenitors (MEPs). In leukemic bone marrow from both mice harboring MLL-AF9 alone, or in combination with FLT3-ITD, a GMP-like FcRg þ CD34 lo population represents the majority of cells with the CMP and MEP populations no longer present. Southern blot confirmed oligoclonality of both diseases (Figure 3) . Thus, addition of FLT3-ITD does not alter the leukemic progenitor population produced by an MLL fusion protein.
Similar percentages of LSC are found in MLL-AF9 and MLL-AF9/FLT3-ITD leukemias
The presence and frequency of LSCs is generally assessed by serial transplantation. Thus, we determined if the malignancies induced by MLL-AF9 alone or the MLL-AF9/FLT3-ITD combination could be transferred to secondary recipient mice. Serial dilutions of 10 Figure 1a and b) . Of interest, most secondary recipient mice injected with only 100 spleen cells developed leukemia. These data confirm findings that MLL fusion proteins give rise to a large LSC population 14, 15 and that these LSCs are present with a frequency of approximately 1:100 in both the MLL-AF9-and MLL-AF9/FLT3-ITD-induced diseases. Morphologic and immunophenotypic analysis showed that the transplanted leukemias were identical to the disease seen in the primary animals (data not shown).
FLT3-ITD cooperates with MLL-AF9 to induce leukemias derived from GMPs
Recent studies have shown that MLL fusion proteins can induce leukemia from hematopoietic stem cells as well as more committed myeloid progenitors. 13, 14 Furthermore, MLL-AF9-induced AMLs give rise to a GMP-like population that is enriched for LSCs (one in six cells).
14 Thus we wondered if MLL-AF9 and FLT3 might cooperate to induce leukemias from committed progenitors. We made use of an MSCV-IRES-EYFP-MLL-AF9 construct, so we could sort MLL-AF9 (YFP) and FLT3-ITD (GFP) double-positive cells. In this fashion, we could determine the number of MLL-AF9 þ FLT3-ITD-expressing cells injected into mice. The addition of FLT3-ITD to MLL-AF9-expressing GMPs decreased the latency of the MLL-AF9-mediated disease (Figure 4a ). This disease could be initiated with as few as 500 cells. Importantly, 500 MLL-AF9-expressing GMPs also induced leukemia, indicating that the decreased latency time observed in MLL-AF9/FLT3-ITD mice is due to the more rapid generation of an aggressive disease rather than a difference in the number of injected cells. The MLL-AF9 expressing GMPs generate the same disease as from whole bone marrow as indicated by flow cytometry (Figure 4b ). Next, we performed secondary transplants of spleen cells taken from mice with leukemias initiated in GMP. Similar to the myeloid leukemia we observed initiated from whole bone marrow, leukemic cells from both MLL-AF9 and MLL-AF9/FLT3-ITD mice induced diseases with comparable latencies for equivalent numbers of cells injected (Figure 4c ). This confirms that MLL-AF9 and FLT3-ITD can cooperate in the context of a myeloid progenitor cell. Figure 2a) . However, only cell lines generated from leukemias coexpressing MLL-AF9 and FLT3-ITD were capable of growth in the absence of IL-3 (Supplementary Figure 2a) . Immunophenotypic analysis demonstrated coexpression of Mac-1, Gr-1, c-kit and lack of expression of the lymphoid markers B220 and CD3 (data not shown). Western blot analysis for FLT3 demonstrated high-level FLT3 expression in the MLL-AF9/FLT3-ITD-derived leukemias but not the MLL-AF9-derived leukemias (Supplementary Figure 2b ). Thus expression of FLT3-ITD induces cytokine independence in MLL-AF9-dependent myeloid leukemia cell lines.
The FLT3 inhibitor PKC412 inhibits FLT3 autophosphorylation and induces growth arrest and apoptosis in FLT3-dependent leukemias. 32 Thus, we assessed if the FLT3 inhibitor PKC412 inhibits phosphorylation of FLT3-ITD at a concentration that coincided with a decrease in cell number in our cell lines. Western analyses of immunoprecipitated FLT3-ITD from samples treated with increasing concentrations of PKC412 showed nearly complete inhibition of phosphorylation at a concentration of 10 nM (Supplementary Figure 2d) . Next, we determined if PKC412 was more potent in its ability to inhibited growth of cell lines derived from leukemias expressing MLL-AF9 and FLT3-ITD as compared to those expressing MLL-AF9 alone. PKC412 demonstrated remarkable potency against MLL-AF9/FLT3-ITD Figure 2c) . These data confirm the dependency of cells expressing the FLT3-ITD on continued FLT3 signaling.
Development of an in vivo imaging system for rapid assessment of leukemogenesis and new therapeutic agents While the development of disease was very uniform in this genetically defined model system (Figure 1a) , we wished to further refine the system so that disease burden, and the effect of therapeutic interventions, could be directly quantified, rather than relying on animal death as an end point. We established a transgenic mouse strain, UbC6-Luc, in which firefly luciferase was ubiquitously expressed from the human ubiquitin C promoter. Although the human ubiquitin C promoter has been shown to be broadly expressed in solid organs in transgenic animals, 33 we wished to specifically assess luminescence in hematopoietic cells. As such, we transplanted HSCs at limiting dilution from UbC6-Luc transgenic mice into albino coisogenic recipients (C57BL/6-TyrC), which provides improved imaging sensitivity by comparison to pigmented recipients. In a cohort of mice transplanted with a total of 1500 bone marrow cells, stable luminescence was readily apparent in one recipient mouse 12 weeks after transplantation (Figure 5a ). Since the frequency of HSCs is 1:10 000-1:100 000 within the bone marrow, the luminescence in this mouse is likely the progeny emanating from a single transplanted HSC. These results demonstrate adequate luciferase expression in UbC6-Luc hematopoietic cells for noninvasive bioluminescence imaging.
For noninvasive visualization of leukemogenesis, bone marrow from UbC6-Luc mice was harvested and infected as above with combinations of MLL-AF9, FLT3-ITD, MSCV-Neo and MIG retroviruses. Transduced bone marrow cells were injected into C57BL/6-TyrC recipients, and the mice were monitored for disease by bioluminescence imaging. Rapid expansion of transduced cells could be detected in MLL-AF9 þ FLT3-ITD recipients within 32 days (Figures 5b and c) , with lethal disease in all animals before 39 days. The MLL-AF9 recipients showed a similar increase in luminescence but only after 60 days (Figures 5b and c) . Thus, the latency of the diseases in this set of experiments is consistent with those from our original bone marrow transplant experiments (Figure 1a) . These data not only provide independent verification of cooperative disease induction by MLL-AF9 and FLT3-ITD, but also provide us with large numbers of luminescent leukemia cells that can rapidly induce disease upon transplantation into secondary recipients. This genetically defined syngeneic imaging model can be used to generate cohorts of mice to rapidly test new therapeutics directed against either FLT3 or MLL-AF9.
As a test for this system, and to validate FLT3-dependence of the MLL-AF9/FLT3-ITD-induced disease in vivo, we assessed the efficacy of PKC412 against mice transplanted with leukemia. One million spleen cells from the luciferase positive MLL-AF9/ FLT3-ITD leukemic mice (Figure 5b and c) were injected into sublethally irradiated syngeneic secondary recipients and tumor burden was noninvasively quantified by bioluminescence imaging. After inoculation with leukemia cells, engraftment and expansion of leukemia was followed by imaging, and homogeneous cohorts of mice with progressive leukemia (that is established disease) were divided into treatment groups 10 days after transplant. Mice were treated with either 150 mg kg À1 PKC412 or vehicle control once daily and tumor burden was assessed by bioluminescence imaging every 2-5 days. Treatment with PKC412 resulted in significant reduction in tumor growth after 7 days of treatment (Figure 6a ). Consistent with this finding, the PKC412-treated mice had spleen weights that were significantly decreased as compared to the vehicle-treated mice after 14 days of treatment (Figure 6b) . To assess the specificity of the FLT3 inhibitor in vivo, one million spleen cells from the luciferase positive MLL-AF9 (without FLT3-ITD) leukemic mice (Figures 5a and b) were injected into syngeneic recipients, and the experiment was carried out as in Figure 6a . In contrast to the previous experiment, PKC412-treated mice had no noticeable change in luminescence compared to the vehicle-treated mice (Figure 6c) . Likewise, spleen weights of MLL-AF9 mice treated with vehicle or PKC412 were not significantly different (Figure 6d ). These data show not only that the leukemia cells expressing FLT3-ITD remain dependent upon activated FLT3 for proliferation/survival and exhibit a greater sensitivity to FLT3 inhibitors, but also demonstrate the utility of this model system for rapid real-time assessment of therapeutics within a 2-3 week experimental window.
Discussion
There is accumulating evidence that points to a multistep pathogenesis for leukemia development and progression. In such models of leukemogenesis, the initial genetic event often leads to the expression of chimeric fusion oncogenes encoded by recurrent chromosomal translocations, while subsequent mutations may activate specific signaling pathways. 25, 34, 35 Given that leukemias bearing translocations involving the MLL gene on chromosome 11q23 demonstrate high level expression and frequent mutation of the receptor tyrosine kinase FLT3, we hypothesized that MLL fusion proteins and constitutively active FLT3 are cooperating genetic events in the multistep pathogenesis of MLL-rearranged leukemias. Furthermore, we reasoned that combination of bioluminescence technology and bone marrow transplant assays would provide a model system for rapid assessment of targeted therapeutics in vivo. Here we provide evidence for cooperation between the MLL fusion protein MLL-AF9 and the constitutively active FLT3-ITD in a murine model system. In bone marrow transplant assays, mice receiving MLL-AF9-transduced marrow develop leukemia with a disease latency of approximately 70 days, whereas coexpression of MLL-AF9 and FLT3-ITD produced a similar disease with a shortened latency of 28 days. Secondary transplant assays demonstrated that the diseases are both highly transplantable AMLs that possess LSCs with a frequency of approximately 1:100. Cell lines derived from leukemias expressing MLL-AF9 and FLT3-ITD were capable of cytokine-independent growth in contrast to cell lines derived from leukemias expressing MLL-AF9 alone which remain dependent upon IL-3 for growth and survival. Finally, we developed a luciferase transgenic mouse model that allows monitoring of leukemia progression in live animals. We used this system to demonstrate that MLL-AF9 leukemias expressing FLT3-ITD were dependent upon FLT3 signaling as the FLT3 inhibitor PKC412 showed efficacy and specificity in vitro and in vivo. These data demonstrate that MLL-AF9 and activating mutations of FLT3 cooperate during leukemogenesis, and provide evidence that this model can be used to test therapeutic approaches.
Previous murine models have demonstrated a cooperative role for FLT3-ITD in the development of acute promyelocytic leukemia (APML). In these studies transgenic mice expressing the PML-RARa fusion encoded by t(15;17)(q22;q11.2) progress to an APML-like disease with a long latency that decreases when FLT3-ITD is expressed in bone marrow cells. 36 Data supporting cooperation of FLT3 activating mutations and MLL translocations come mostly from human leukemias where high-level FLT3 expression is correlated with the presence of MLL rearrangements in ALL and AML. 23, 25, 27, 37 Also, activating FLT3 mutations are found in both MLL-rearranged leukemias of myeloid and lymphoid origin even though FLT3 mutations are rare in most other types of ALLs. 23, 28, 38, 39 A recent study demonstrated a potential role for FLT3 in the progression from an MLL fusion-induced myeloproliferative disease to acute leukemia. 21 In our studies leukemias generated by either MLL-AF9 alone or MLL-AF9/FLT3-ITD had an immunophenotype consistent with AML. Furthermore, either disease could be transferred to secondary recipients with as few as 100 cells. Thus, our model demonstrates that constitutively active FLT3 can cooperate with MLL-AF9, a fusion that induces a disease more consistent with de novo acute leukemia. Demonstration of cooperation between MLL-AF9 and FLT3 during the development of AML supports the notion that at least two different classes of mutations are necessary for leukemia development.
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Figure 5 A bone marrow transplant model using luciferase transgenic mice can be used to follow disease progression and quantitate drug efficacy in vivo. (a) Five C57BL/6-TyrC mice were injected with 1500 bone marrow cells from the UbC6-Luc transgenic mice and imaged every 2-4 weeks. Imaging at 12 weeks shows stable engraftment and luminescence from one mouse as would be expected based on the frequency of hematopoietic stem cells in murine bone marrow. (b) Donor bone marrow was taken from UbC6-Luc transgenic mice and was transduced with the indicated viruses followed by injection into lethally irradiated C57BL/6-TyrC mice. Leukemia development was assessed by serial imaging. MLL-AF9/FLT3-ITD mice showed increased luminescent signal at 32 days, whereas MLL-AF9 mice demonstrated increased luminescence at 67 days. (c) Quantitation of luciferase expression (photonic flux) is shown for all cohorts of mice. The increase in luminescent signal coincides with the development of AML.
Recent studies suggest leukemias are comprised of a mixture of cells, only a fraction of which possess self-renewal properties necessary to maintain the disease in vivo, and that eradication of these LSCs will be necessary for successful leukemia therapies.
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Thus the biological characteristics of LSCs are of significant interest. The assay most commonly used to detect the presence LSCs is initiation of leukemia in secondary recipient mice, as only cells with self-renewal properties are capable of reproducing the leukemia. When such assays are performed using human leukemias, approximately 10 4 AML cells are required to obtain leukemia in immunodeficient mice. 12 Recent studies assessing the frequency of LSCs in murine models of MLL-AF9 leukemias have demonstrated LSC to be present with higher frequency whether the leukemias are initiated from whole bone marrow or committed progenitors. 14, 15 The data presented here are in keeping with these studies and further demonstrate that an MLL-AF9 and FLT3-ITD-induced leukemia possesses LSCs with a frequency of approximately 1:100 in bone marrow. Studies assessing the frequency of LSCs in a murine model of MOZ-TIF2 induced AML demonstrated a much lower frequency of 1:10 4 . 41 Thus, MLL-AF9 appears to be quite potent in its ability to produce LSCs and FLT3 appears to cooperate in this context. The fact that MLL-AF9 and FLT3-ITD cooperate to produce a similar frequency of LSCs in 28 days as MLL-AF9 alone gives in 70 days suggests that FLT3 is providing a proliferative/survival advantage to LSCs and is not merely inducing proliferation of more differentiated cells incapable of self-renewal. Furthermore, these studies demonstrate rapid transformation of a committed progenitor via two oncogenes, which supports the hypothesis that GMPs are one possible cell of origin for MLL-rearranged AML, and may give rise to LSC in MLL-AF9-induced human leukemia. The fact that the diseases from GMPs are transplantable with comparable numbers to that from whole bone marrow disease further supports the idea that GMPs are a cell of origin for MLL-AF9 leukemia.
The development of an in vivo luminescent murine model of MLL-AF9-and FLT3-dependent AML provides a needed resource for the assessment of novel therapeutics. The ongoing genomic assessment of human malignancy combined with highthroughout approaches has provided a number of novel potential therapeutic approaches that will require assessment in preclinical models of malignancy. Furthermore, accumulating evidence suggests that successful targeted therapies will require the combination of multiple agents in order to prevent resistance. 42 Thus models systems of cancer are desperately needed to rapidly test new therapeutic combinations. Human cancer cell lines represent the most accessible preclinical models, but most such lines have been propagated in culture for extended periods therefore likely acquiring mutations that select for growth in vitro. Injection of human cell lines into immunodeficient mice may provide a more relevant context for cancer cell survival, but the concern of acquired mutations remains, and a significant proportion of cell lines do not engraft in murine bone marrow. Testing of therapeutics on primary leukemia samples represents an attractive possibility, but the fact that primary human leukemia samples tend not to proliferate well in most culture systems confounds testing of therapeutics, such as kinase inhibitors, where proliferation of cells is likely to be required to obtain an accurate assessment of efficacy. Also, access to primary patient samples continues to be a challenge. Thus, we have developed a murine model system dependent upon two oncogenes, MLL-AF9 and FLT3, in which we can demonstrate efficacy of the FLT3 inhibitor PKC412 in as few as 2-3 weeks. This system takes advantage of a newly developed transgenic mouse that expresses luciferase under the control of the ubiquitin promoter to provide primary leukemia cells that can be visualized using bioluminescent imaging. This transgenic model should provide an important resource for further development of diverse models of cancer that can be used for rapid assessment of potential molecularly targeted therapies.
